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 The use of coil embolization for treatment of intracranial aneurysms has seen a rise in 
regularity within the last decade.  While coil embolization offers a less invasive alternative to 
clipping with a much lower recovery time, it does not guarantee aneurysm occlusion.  The 
determination of success for coil embolization procedures hinges upon the development of a layer 
of endothelial tissue across the neck of the aneurysm.  Due to the lack of existing medical 
imaging technology with the capability to detect this tissue, this study investigated the detection 
of this endothelial tissue using light scattering spectroscopy.  The analysis was conducted using 
spectroscopic phantom tissues as analogues for true endothelial cells.  These phantom tissues 
consisted of an aqueous methylcellulose solution with polystyrene microspheres representing the 
nuclei of endothelial cells.  The results of this study represent a preliminary indication that the 
detection of endothelial tissue may be possible; however, additional research is necessary to 









An aneurysm is defined as a weakening of the walls of blood vessels which results in 
a localized enlargement of the blood vessel.  Aneurysms can be divided into two major 
categories: saccular and fusiform.  A saccular aneurysm develops as the blood vessel 
walls weaken in a single location, as opposed a fusiform aneurysm which forms as the 
blood vessel wall weakens uniformly around an area within the artery or vein.  This study 
will focus entirely on the treatment and analysis of saccular aneurysms.  As shown in 
Figure 1, saccular aneurysm develop from a single point on the blood vessel wall and 
balloon out from that point.  This results in a sac-like formation which connects to the 
blood vessel.  The point of contact between the sac of the aneurysm and the blood vessel 
is called the neck of the aneurysm.  This point of contact will be a topic of significant 
focus to determine the results of this study. 
 
Figure 1: The two classifications of aneurysms are shown above.  The balloon-like shape of the saccular 
aneurysm results in the formation of a neck, indicated by an arrow in the figure.   
 
There exist two major methods of treatment for saccular intracranial aneurysms: 
surgical clipping and coiling.  These methods can only be applied to the treatment of 
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saccular aneurysm in which a neck exists.  Fusiform aneurysms, in which the blood 
vessel dilates due to a weakening of the blood vessel wall, cannot be treated by clipping 
or coiling.   The clips, shown in Figure 2, pinch shut the neck of the aneurysm, and are 
left permanently in order to preclude blood from flowing into the aneurysm.  Initially 
aneurysm clips were constructed from ferromagnetic materials, but newer models are 
generally made using titanium, and can therefore be viewed using magnetic resonance 
imaging [30]. 
 
Figure 2: This image shows various models of Aesculap Yasargil aneurysm clips.  The clips above represent 
multiple generations of aneurysm clip design.  The arrow indicates a small ring which prevents the blades of the 
clip from scissoring in the second and third generations. 
 
The method of clipping employs the use of general anesthesia, followed by 
craniotomy aided by a surgical microscope during which a metal clip is placed at the base 
(neck) of the aneurysm to prevent it from rupturing. 
 
Figure 3: The above images show an arteriogram of an intracranial aneurysm located on the communicating 
artery.  The left image shows the development of the aneurysm prior to clipping treatment.  The right image 
shows the same aneurysm after treatment with the clip visible. 
 
 For many years clipping of a ruptured aneurysm was regarded as the definitive 
mode of treatment, but the development of the Guglielmi Detachable Coil (GDC) in 1990 
allowed an alternative approach that avoided the hazards of open surgery.  The Guglielmi 
coil, invented by Dr. Guido Guglielmi, is a platinum wire which is threaded along the 
blood vessel, via catheterization of the femoral artery, to the brain until it reaches the 
location of the aneurysm.  Image B in Figure 4 illustrates the platinum wire being 
threaded into the aneurysm where it folds and coils around itself, creating a solid mass.  
This mass of platinum coils prevents the flow of blood into the aneurysm in much the 
same way as clips; however, since the platinum mass is formed by the random folding 
and coiling of the wire, it will not create a completely solid mass which entirely fills the 
aneurysm.  Image C in Figure 4 shows the formation of a thrombus.  A thrombus is a 
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blood clot which forms within the body when blood cells collect and coagulate to form a 
semi-solid mass.  The blood cells which do flow into the aneurysm begin to clot around 
the platinum coils forming this thrombus and more completely occupying the aneurysm. 
 
Figure 4: (A) Tip of a guide wire and the micro catheter; (B) Coil delivery which frames and fills the aneurysm; 
(C) Thrombus formation, which takes up to three months; (D) Neck of the aneurysms covered by endothelial 
cells.  The detection of this endothelial tissue layer is the goal of this proposal. 
 
This thrombus formation will prevent the flow of blood into the aneurysm; however 
the possibility of recanalization still exists.  Recanalization is a process in which the 
blood flow along the aneurysm causes the thrombus to wear and allows passages to form, 
allowing blood to flow into the aneurysm again; however, the likelihood of recanalization 
after the coiling procedure is drastically diminished by the formation of neck coverage 
[13], [14], [15], [16] a tissue consisting of a single layer of endothelial cells which forms 
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over the base of the aneurysm, creating a natural barrier to additional blood flow into the 
aneurysm, shown in Image D of Figure 4,.  This new layer of cells will be identical to the 
intimal layer of the blood vessel and is therefore referred to as the neointima.  The 
dependence of the coiling method on the formation of the neointimal coverage limits the 
likelihood of long term aneurysm occlusion [31].  Aneurysm occlusion is defined as the 
complete closing of the passageway into the aneurysm and represents the intended 
resolution of the coiling procedure.  Despite the inability to detect neointimal growth, the 
noninvasive nature of the coiling procedure has led to an increase the frequency of its 
use. 
 
Figure 5: The above image represents angiograms of a posterior fossa aneurysm.  The left image shows a small, 
saccular aneurysm with a small neck indicated by the solid arrow.  The right image displays the 
postembolization angiogram with complete GDC occlusion of the aneurysm indicated by the open arrow. 
 
In the latter half of the 1990s, as experience of endovascular techniques spread, this 
form of treatment began to displace open surgery and the International Subarachnoid 
Aneurysm Trial (ISAT) was set up to compare the efficacy of the two forms of treatment 
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[1].  Early in 2002 the trial was interrupted by the steering committee when an 
intermediate analysis of the results revealed that, in the short term at any rate, the results 
of endovascular coiling were superior to those of clipping, in that the chances of survival 
free of disability at one year were significantly better for coiling.  Furthermore, the risk of 
re-bleeding from a successfully coiled aneurysm at one year was only 0.16% [2].  
Rupture of an intracranial aneurysm causing subarachnoid hemorrhage (SAH) occurs 
with a frequency of between six and eight per 100,000 in most western populations [3].  
Neurosurgical intervention to clip the aneurysm and prevent further bleeding carries both 
risks and benefits.  In the 1960s, McKissock and colleagues published a series of 
prospective randomized trials, [4], [5], [6] which showed that the benefits of surgery 
outweighed the risks in some circumstances.  Since then, there have been incremental 
reductions in the risk of surgery for ruptured intracranial aneurysms.  These risk 
reductions have been achieved by advances in many aspects of management, including 
the introduction of the operating microscope, the development of better microsurgical 
techniques and instruments, advances in anesthetic and intensive-care management, 
improved diagnostic facilities, and the development of vascular neurosurgery as a 
subspecialty.  Nonetheless, even with these advances, relatively few patients return to a 
normal lifestyle after SAH, and many have persistent disabling neurological or cognitive 
defects [7].  In 1990, a detachable platinum coil device, the Guglielmi detachable coil 
(GDC; Boston Scientific/Target Therapeutics, Freemont, CA, USA) [8] was introduced 
into clinical use.  It was first used as an investigational device in the USA, and then 
introduced in Europe in 1992 and was approved by the US Food and Drugs 
Administration in 1995.  This device allowed the development of endovascular 
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techniques for the occlusion of intracranial aneurysms, which offered the prospect of 
reducing the risk of further rupture without the need for craniotomy.  Since 1995, 
endovascular coiling has become widely used in patients with ruptured and unruptured 
intracranial aneurysms [9], [10], [11].  In patients with a ruptured intracranial aneurysm, 
for which endovascular coiling and neurosurgical clipping are therapeutic options, the 
outcome in terms of survival free of disability at 1 year is significantly better with 
endovascular coiling.  The data available to date suggest that the long-term risks of 
further bleeding from the treated aneurysm are low with either therapy, although 
somewhat more frequent with endovascular coiling [1].  The most important limitation of 
this system is the possibility of aneurysm recanalization, particularly in wide-necked or 
large/giant aneurysms [12].  The possibility recanalization, as previously stated, has been 
concluded to diminish due to the formation of neointimal neck coverage [13], [14], [15], 
[16]. 
If the development of the neointimal tissue could be detected, the likelihood of 
recanalization could be assessed and additional treatment may be conducted prior to any 
physical realizations of the incomplete aneurysm occlusion; however, existing medical 
imaging technology lacks the precision to identify the existence of endothelial neck 
coverage. Table 1 and Table 2 [49] show the measurable parameters of existing medical 
imaging technology.  The endothelial cells which make up the intimal layer of the blood 
vessels are generally ellipsoidal cells with a central nucleus.  These cells are generally on 
the order of 1-2μm thick, and 10-20μm wide.  The nuclei of these cells have a diameter 
on the order of 0.5-1μm [43].  This offers a notable contrast from the red blood cells 
8 
 
which comprise the majority of the thrombus.  These cells are on the order of 6-8μm and 













The minute size of the nuclei of the endothelial cells which comprise the 
neointimal tissue precludes the use of many in situ imaging techniques for detection.  
Table 1 and Table 2 illustrate the limitations of existing medical imaging techniques.  For 
this application the primary parameter which determines each method’s feasibility is the 
spatial resolution in plane of imaging.  This parameter will determine if each method 
possess the capacity to detect the presence of the endothelial cells which compose the 
neointimal neck coverage.  Only the methods and fluorescence microscopy of in vivo 
confocal microscopy have been shown to demonstrate the resolution required to detect 
the presence of endothelial cells.  However, the method of using fluorescence microscopy 
for in vivo applications would require a craniotomy in the same manner as surgical 
clipping [45], and the method of in vivo confocal microscopy is intended for surface 
tissue analysis and impractical for intra-arterial imaging [32].  The method of white light 
spectroscopy has been shown theoretically to provide a resolution on the order of the 
wavelength of visible light, 0.4-0.8μm.  Since this method of spectroscopy can be 
administered using only a fiber optic cable, it can be pragmatically applied by the same 
catheterization technique used in the coiling procedure.  If the fiber optic probe could be 
threaded along the femoral artery in the same way the GDC deployment device is during 
a coil embolization procedure, the overall process would be much less invasive than the 




Figure 6: The above image shows a surface preparation of arterial endothelium.  The endothelial cell nuclei are 
shown in blue, and the cell boundaries are stained black with silver nitrate.  These boundaries illustrate the 
intercellular junctions which are critical to the integrity of the blood vessel lining. 
 
The purpose of this investigation is to determine the feasibility of using white 
light scattering spectroscopy intravenously to identify the presence of neointimal tissue 
growth for patients who have received coil embolization aneurysm treatment.  White 
light spectroscopy has been chosen due to its advantages in both resolution and non-
invasive applications.  Few other existing medical imaging techniques have shown 
resolution required to detect the neointimal tissue which develops as the neck coverage 
for saccular aneurysms.  Additionally, no material regarding the investigation into the 
detection of neointimal tissue has been made available for review. Of the few imaging 
techniques which have shown promise for applications at this small scale, no others 
demonstrate practicality for intracranial applications.  Determining the viability of light 
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scattering spectroscopy will be achieved by identifying the expected spectral results for 
both the positive and negative tests for the presence of neointimal neck coverage.  The 
expected results will be obtained from both simulated and experimental methods based 
on the information that is known about endothelial cells and erythrocytes.  Endothelial 
cell nuclei will be represented as spherical scatters with diameter in the range of 0.5μm to 
1μm and index of refraction of roughly 1.5 [43].  Erythrocytes will be represented also as 
spherical scatterers; however, a diameter in the range of 6μm to 8μm and an index of 
refraction of 1.4 will be employed theoretically, but experimentally these cells will be 
represented with an index of refraction of 1.5.  Once both the anticipated spectral results 
have been obtained a comparison will be made to determine if a positive or negative test 
outcome is clearly identifiable.  Finally, a conclusion will be made as to the practicality 
of this method based on the comparison of results and the comparison of the application 
of light scattering spectroscopy to other biomedical imaging techniques. 
Over the course of this investigation, it was determined that no material exists or 
is publicly available on the detection of this neointimal neck coverage using any of the 
techniques discussed in this study. Light scattering spectroscopy had been investigated as 
a technique of analyzing a number of other biological tissues [20],[22],[23],[27], 
however, no material was found indicating a previous attempt to use light scattering 
spectroscopy or any other method listed above as a means for detecting the presence of 
neointimal neck coverage. 
As stated previously, the intention of this study is to determine if light scattering 
spectroscopy offers an advantage over existing medical imaging technology.  If this 
14 
 
technique can be used to discern between scenario in which neointimal tissue has grown 
over the aneurysm neck and scenarios in which the aneurysm neck coverage has not yet 







The scattering behavior of spherical scatterers of various sizes as it pertains to the 
scattering of white light is well described by Mie and Rayleigh-Debye-Gans theory [17], 
[18].  There exists an oscillation pattern within the scattered light intensity spectrum 
which relates the size of the scatterers to the number of oscillations [19], [20], [21], [22], 
[23].  Polystyrene microspheres have been considered as fundamental models for tissue 
phantoms for research into the reflected spatial optical spectrum from cells [19], [21], 
[22], [24], [25], [32], [33], [34].  Cellular components with higher concentrations of 
solids also exhibit a higher refractive index [35].  When a cell is illuminated by visible 
light, these refractive index variations scatter light.  The spectral and angular distributions 
of the scattered light are determined by the size and refractive index distributions of the 
scattering regions [36].  The polystyrene microspheres exhibit refractive indexes (~1.59) 
[38] similar to the solid structures endothelial cells (~1.55) [37], and if selected to be of 
comparable size, demonstrate similar backscattering behavior.  The spatial optical 
spectrum of for the reflection of nonpolarized white light for samples these phantom 
tissues has been shown to demonstrate the same oscillatory pattern [19], [22], [23], [26].  
The oscillation pattern that develops in the spectra of reflected light is a result of the 
interference of all spectral components of both incident and scattered light.  For the use of 
light in the visible range, with wavelength between roughly 400nm and 800nm, 
absorption by the light scatterers can be neglected.  The interference pattern that develops 
between the incident and reflected light can be described by wave optics approximations, 
according to Fresnel equations and the general theory for Mie scatterers, which are 
defined with a scatterer size greater than the wavelength of incident light [17], [18].  The 
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mathematical details which describe the oscillation pattern of the Mie spectra directly 
follow from Lorenz-Mie theory [18].  Every volume will undergo scattering 
independently of other volume which leads to interference of the scattered light due to the 
various locations of each scattering volume.  Superposition of the scattered light 
intensities, which include a complex phase component, determines a phase difference 
between the incident and scattered waves [18].  Mie theory and Rayleigh-Debye-Gans 
theory has shown promise for the range of scatterer sizes from ~1μm to ~15μm [27].  
These theories will be applied to the nuclei of the endothelial cells which make up the 
neointimal tissue [28].  Since the minimum dimension of the endothelial cell nuclei is 
~0.5-1μm [29], this research will be conducted at the edge of the practical range for white 
light spectroscopy. 
Mie theory is an accepted mathematical approximation of general light scattering 
theory which encompasses general spherical solutions for absorbing and non-absorbing 
scatterers.  Light scattering is the process by which an electromagnetic wave interacts 
with some obstacle.  The incident electromagnetic wave perturbs the electron orbits 
within the atomic structure of the obstacle resulting in a periodic separation of charge 
with the same frequency as the incident wave [47].  This oscillating separation of charge 
acts as a source of electromagnetic radiation.  The radiation emitted from the induced 
separation of charge, referred to as scattered light, is predominantly emitted at an 




Figure 7: Example results of various scatterer sizes for polystyrene spheres in deionized water. 
 
 The simulated data, shown in Figure 7, was obtained using MiePlot software from 
Philip Laven [47].  This data clearly illustrates what is meant by an oscillation pattern.  
Each spatial spectrum appears to be a superposition of various sinusoids of different 
frequencies.  The presence of higher frequency sinusoidal signals leads to the appearance 
of more oscillations within the spectra.  The number of these oscillations has been shown 
to vary directly with the size of the scatterers.  As demonstrated in Figure 7, the 
oscillation pattern is not consistent over the full visible spectrum.  The spatial 
backscattered spectrum for 10μm scatterers shows a higher frequency of oscillation in the 
range of blue or violet light, but a lower frequency of oscillation in the range of red light.   
As discussed in the motivation chapter, the purpose of this technique is to identify 
the presence of neointimal cells which form a tissue which will cover the neck of the 
aneurysm.  There are two possibilities regarding this tissue: the tissue is present, or the 
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tissue is absent or not yet fully developed.  In the scenario in which the tissue is present, 
the expectation of light scattering spectroscopy is the presence of an oscillatory pattern 
within the backscattered spectra which is consistent with scatterers of a 0.5μm-1μm.  In 
the scenario in which the tissue has not developed across the neck of the aneurysm, the 
expected spectroscopic results will depend on the composition of matter beyond the neck 
of the aneurysm.  After a coil embolization procedure has been conducted, but before a 
neointimal tissue forms, a mass of platinum will encompass the neck of the aneurysm.  
Over time this blood will begin to coagulate along the edges of this mass as the blood 
flow into the aneurysm is diminished forming a thrombosis.  This presents two 
substances, platinum and this thrombosis, which are likely to exist within the aneurysm 
which must appear notably different when compared to the neointimal tissue when 
examined using white light spectroscopy. 
The composition of a thrombosis is not generally uniform, but is often dominated 
by red blood cells (erythrocytes).  These erythrocytes are generally present in number up 
to three orders of magnitude larger than any other component [44].  For a simplistic 
examination of the composition of a thrombosis, a mass of solely red blood cells will be 
considered.  Red blood cells, or erythrocytes, vary in size and structure from species to 
species.  In humans, red blood cells exhibit a biconcave disc shape which contains no 
nucleus and is on average between 6μm and 8μm in diameter.  Studies have shown that 
the refractive index of human red blood cells is roughly 1.4 [39], [44].  Since the cells 
possess no nuclei, there is no singularity of heightened density.  Additionally, the 
absorption coefficient of red blood cells will vary over the visible range.   
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Platinum presents a very different set of optical parameters.  The index of 
refraction of platinum varies a great deal, from approximately 1.7 to 2.9 [41], over the 
visible range of electromagnetic radiation.  However, unlike polystyrene or red blood 
cells, platinum exhibits a very large extinction coefficient, roughly 2.9 to 5.0 [41], over 
the visible spectrum.  The platinum coil which will be responsible for scattering the 
incident light will exhibit a width which is proportional to the width of the aneurysm 
neck, generally on the order of millimeters [46].  Since this dimension is orders of 
magnitude larger than the measurements for which light scattering spectroscopy has 
shown promise and since the formation of a thrombosis will severely limit the intensity of 
incident light upon the platinum coil, simulation and experimentation relating the 
platinum scatterers will not be performed at this stage. 
The intention of this research is only to identify the presence of the neointimal 
tissue development.  For rudimentary analysis, the presence of a neointimal tissue will be 
indicated by an oscillatory pattern in the backscattered spatial spectrum which is 
consistent with the expected results for scatterers with dimension in the range of 0.5μm to 
1μm; however, the absence of an appropriate oscillatory pattern which is consistent with 




As stated previously, the prime focus of this research is to identify the expected 
backscattered spatial spectra for both the presence and absence of endothelial tissue 
growth.  The intention of simulation this data is to identify two clearly distinguishable 
spectra which will represent the two expected results of applying this technique to 
individuals treated with coil embolization.  The first of these two results is the scenario in 
which neointimal tissue exists at the neck of the aneurysm, which will be identified by an 
oscillation pattern corresponding to scatterers with size on the order 0.5μm in diameter.   
The alternative result is the scenario in which no neck coverage has developed which will 
be identified by an oscillation pattern corresponding to scatterers with size on the order of 
6μm in diameter.  Theoretical data for the analysis of white light spectroscopy of 
intracranial endothelial tissue was obtained using MiePlot software (Philip Laven) [47].  
Input parameters for this simulation software include medium index of refraction, 
scatterer index of refraction, scatterer size, and polarization of incident light.  The 
simulation below, for scatterer sizes in the range of 0.5μm to 1μm, was obtained using a 
medium index of refraction of 1.333, representing pure water [23], a scatterer index of 
refraction of 1.5, representing polystyrene beads [43], and nonpolarized incident light.  
The absorption coefficient of polystyrene has been shown to be negligible over the 




Figure 8: Spatial optical spectra simulations results for endothelial cell nuclei polystyrene scatterers in pure 
deionized water. 
 
The simulation clearly demonstrates the oscillatory behavior which is expected of 
spherical scatterers.  There is an evident relationship between the size of the scatterer and 
the number of oscillations which occur in the spatial intensity spectrum.  Since the values 
marked on the y-axis for this simulation are arbitrary and represent only a relative light 
intensity, the spectra above have been scaled in order to present the results of various 
sizes in a clear manner.   
However, these simulations were only performed in water, and a more accurate 
model is needed to represent the biological background.  In order to create a more 
realistic testing method, it was necessary to create a phantom tissue which could be 
examined in such a way that the fiber optic probe and the scattering elements within the 
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sample were contained in separate media.  For this phantom tissue, the intention was to 
accurately represent a single layer of scatterers as would be expected for the endothelial 
lining of the aneurysm neck.  In addition to this requirement, it was necessary to create 
samples in such a way that one sample could be placed atop another sample without 
mixing the scatterer sizes.  To satisfy these requirements, the phantom tissues were 
created such that they would exist in a gelatinous state achieved by mixing water with 
methylcellulose.  For this simulation, the same scatterer index of refraction and sizes 
were used, and the index of refraction of the medium was set to 1.341.Methylcellulose, 
when mixed with water, creates a visibly clear gelatin material.  Pure methylcellulose 
demonstrates an index of refraction of 1.497 [42].  Aqueous solutions of methylcellulose, 
with concentrations on the order of 1% to 2%, exhibit an index of refraction of 1.336 over 
the visible spectrum [40].  The samples created for analysis constitute a methylcellulose 
concentration of roughly 5%.  As a rough approximation, the index of refraction of these 
samples will be considered to be roughly 1.341, which was obtained using linear 
interpolation from the known value of pure deionized water, pure methylcellulose, and 
aqueous methylcellulose solutions.  The simulated results based on the information above 




Figure 9: Spatial optical spectra simulations results for endothelial cell nuclei polystyrene scatterers in a 
methylcellulose and deionized water solution. 
 
Similar to the deionized water simulation, the methylcellulose simulation clearly 
demonstrates the oscillatory behavior which is expected of spherical scatterers.  There is, 
again, an evident relationship between the size of the scatterer and the number of 
oscillations which occur in the spatial intensity spectrum.  The spatial spectrum of each 
scatterer size differs only marginally from that of the same size in deionized water.  The 
above simulations shown in Figure 7 and Figure 9 represent the anticipated spectra of the 
backscattered light solely from the nuclei of the neointimal cells.  Both figures illustrate 
that an oscillatory pattern can theoretically be detected in the backscattered spectra for 
scatterers of size comparable to the endothelial cells which make up the neointimal tissue.  
The presence of this oscillatory will be the critical support for inferring that the 
neointimal tissue is present.  If the tissue is not present the reflected spectra will depend 
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on the composition of matter beyond the neck of the aneurysm, which will consist of the 
platinum mass of the GDC and the thrombosis which develops as a result of this mass.  If 
this technique is to prove feasible for the detection of neointimal tissue, it is imperative 
that the backscattered spectra shown above for positive tests of neck coverage differ 
notably from the backscattered spectra of negative tests. 
Over the course of experimentation, as will be discussed in the next chapter, it 
was determined that the available equipment was not capable of obtaining the resolution 
that was necessary to identify the oscillatory pattern evident of scatterers on the order of 
0.5μm in diameter.  The smallest size that could be clearly identified was 3μm in 
diameter.  As a result of this, simulations were conducted to identify the anticipated 
backscattered spectra of polystyrene scatterers of diameter 3μm.  The same simulations 
have been conducted using 3µm scatterers as a replacement for the previous scatterer 









Figure 11: Spatial optical spectra simulations results for 3μm diameter polystyrene scatterers in a 




 The figures above, Figure 10 and Figure 11, illustrate the expected oscillation 
pattern resulting from scattering due to polystyrene spheres with diameter of 3μm.  These 
results clearly indicate spatial spectra which can be distinguished from scatterers with 
diameter on the order of 0.5μm.  However, to offer the same opportunity to distinguish a 
situation in which neointimal tissue has developed from a situation in which this tissue 
has not yet formed these spectra must also differ notably from those of scatterers with 
diameter on the order of 6μm.  The expected oscillation pattern resulting from scatterers 
of this size are shown below in Figure 12 and Figure 13. 
 






Figure 13: Spatial optical spectra simulations results for red blood cells as polystyrene scatterers in a 
methylcellulose and deionized water solution. 
 
 The backscattered spatial optical spectra, shown in Figure 12 and Figure 13, 
represent the expected results for a test in which only red bloods cells are responsible for 
scattering the incident light.  Due to a lack of available experimental equipment, only 
6μm scatterers could be used in the phantom tissue samples.  For this reason, only the 
simulated results for 6μm scatterers will be included, despite the variation of red blood 
cell sizes in the range of 6μm to 8μm.  These spatial spectra will represent the expected 
results for a negative test for neointimal neck coverage, meaning a test in which the 
neointimal tissue growth is not significant enough to cover the aneurysm neck. 
However, a positive test for the detection of neointimal tissue will likely consist 
of a spatial spectrum which is the superposition of the spectra backscattered from the 
neointimal tissue and the spectra backscattered from the material which exists within the 
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aneurysm.  For this reason, simulations were conducted to show the expected 
backscattered spatial spectra for the superposition of scatterers of two distinct sizes.  Both 
scatterers with comparable size to the neointimal cell nuclei and the 3μm diameter 
scatterers have been included in the following simulations. 
 
Figure 14: Spatial optical spectra simulations results for superposition of neointimal scatterers and erythrocyte 





Figure 15: Spatial optical spectra simulations results for superposition of neointimal scatterers and erythrocyte 
scatterers in a methylcellulose and deionized water solution. 
  
 The spectra shown above, in Figure 14 and Figure 15, illustrate the expected 
backscattered spatial optical spectra resulting from the scattering of incident light by both 
the nuclei of neointimal cells and by the red blood cells which comprise the majority of 
the thrombosis which forms in the aneurysm beyond the neck coverage.  The spectra 
shown in each image demonstrates a higher frequency oscillation pattern resulting from 
the larger red blood cells, as well as a lower frequency oscillation pattern which results 
from the smaller endothelial cell nuclei.  All backscattered spectra intensities were 
normalized to have a maximum intensity of 1 to illustrate visible differences; however, it 
is likely that the intensity of incident light on the red blood cells will be significantly 
reduced by the neck coverage and will therefore contribute less noticeably.  The same 
simulation has been conducted with 3μm diameter scatterers replacing the endothelial cell 
nuclei analogues.  The spatial spectra shown below, in Figure 16 and Figure 17, illustrate 
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a scenario in which both 3μm and 6μm diameter spheres are involved in backscattering 
the incident light.  These spectra clearly present results which can be distinguished from 
both the result of purely 3μm diameter scatterers and the results of 6μm diameter 
scatterers. 
 
Figure 16: Spatial optical spectra simulations results for superposition of 3μm diameter scatterers and 





Figure 17: Spatial optical spectra simulations results for superposition of 3μm diameter scatterers and 




To analyze the practicality of white light scattering techniques toward the 
detection of the neointimal layer, a number of artificial samples were created to represent 
the expected endothelial tissue.  These samples were analyzed using bifurcated 
backscattering probe (R200-ANGLE VIS, OceanOptics, Inc.) with a 30° angled window.  
The probe consists of one central and six surrounding fibers of 200μm core diameter with 
numerical aperture 0.22.  The central fiber was responsible for illumination and the six 
surrounding fibers were responsible for light collection.  The light source was a DC 
regulated illuminator (Fiber Lite PL-900 Dolan-Jenner Industries) which utilizes a quarts 
halogen source.  The receiver was connected to a high resolution spectrometer (USB-
2000 OceanOptics, Inc.).   
 
Figure 18: Experimental setup involving illuminator, fiber optic probe, and spectrometer. 
 
Initial tests were conducted using a mixture of deionized water and a polystyrene 
microsphere solution (Polysciences, Inc).  Phantom tissue samples were created using 
0.5mL of each microsphere solution to 1mL of deionized water.  The intensity spectrum 
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is shown below for microspheres of varying sizes.  A sample consisting of only 1.5mL of 
deionized water has been included as a control.  The data for the following experimental 
spectra was passed through a six point average fast Fourier transform (FFT) filter, which 
minimized the effect of high frequency noise.  This method of data processing has 
previously been shown to be effective in accurately analyzing backscattered light 
intensity readings [43]. 
 
Figure 19: Spatial optical spectra experimental results for endothelial cell nuclei polystyrene scatterers in pure 
deionized water.  A control sample of pure deionized water has been included. 
 
 The above samples illustrate the oscillatory pattern which is expected to indicate 
the presence of a neointimal tissue formation; however, the samples consist of diffuse 
scatterers spread uniformly throughout a solvent.  A more accurate sample could be made 
to represent layers of scatterers which are not contained in the same medium as the fiber 
optic probe.  Samples intended to exhibit a more accurate behavior were created using a 
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solution of methylcellulose and deionized water.  Samples were developed using 0.1g of 
methylcellulose, 1mL of deionized, and 1mL of the microsphere solutions.  A gelatin 
sample consisting of 0.1g of methylcellulose and 2mL of deionized water has been 
included as a control.  The recipe used for the creation of these gelatin samples was 
determined by process of trial and error.  With no previous research available to suggest 
an appropriate formulation of a layered phantom tissue, the phantoms developed for this 
study were fabricated with the intention of creating a uniform distribution of scatterers as 
a semi-solid layer which coated the base of the Petri dish. Once an appropriate ratio of 
water to scatterer solution to methylcellulose powder was obtained, the total volume of 
the samples was minimized with the intention of creating the thinnest possible tissue 
while still coating the entire base of dish.   The idea behind the use of methylcellulose 
was to create a sample in which the polystyrene spheres would be uniformly spread, as 
the nuclei of the endothelial cells, but in a separate medium from the probe.  
Additionally, the samples were intended to create a more accurate representation of the 
layered nature of the endothelial tissue.  However, as previously mentioned, the 
endothelial tissue which comprises the intima layer of blood vessel walls is only a single 
layer thick, on the order of 1-2μm.  Creating a gelatin sample of this mixture with a 
thickness measuring only a few microns proved to be beyond the capacity of the available 
tools.  The samples created using the above formula were calculated to be roughly 
0.63mm thick, which corresponds to approximately 315-630 layers of scatterers.  The 
spatial spectra for various scatterer sizes obtained from methylcellulose samples are 




Figure 20: Spatial optical spectra experimental results for endothelial cell nuclei polystyrene scatterers in a 
methylcellulose and deionized water solution.  A control sample of only methylcellulose and deionized water has 
been included. 
 
 The figure above, Figure 20, shows a very similar oscillatory pattern in the spatial 
spectra to that of the samples of deionized water shown in Figure 19.  The backscattered 
light spectra of the methylcellulose samples have also been subjected to the same six 
point average FFT filter.  The results above illustrate that this equipment is not capable of 
measuring distinct oscillatory patterns for scatterers of comparable size to the endothelial 
cell nuclei.  These results suggest that it is not possible to identify the presence of 
neointimal development indicated by this oscillatory pattern using the equipment 
available.  The optical resolution of the USB2000 spectrometer is approximated in its 
specifications as roughly 0.3nm FWHM.  Other studies which have identified scatterers 
with sub-micron diameters have used spectrographs with a resolution of 0.003nm [21].  
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For this reason, the same experimentation was conducted using scatterers with a diameter 
of 3μm as a replacement for the endothelial cell nuclei analogues.  This size was chosen 
as a replacement after periods of trial and error indicating this to be the minimum size for 
which scatterers could be detected using the available equipment.  The results shown 
below, in Figure 22 and Figure 23, illustrate the expected results for scatterers of 
diameter 3μm in both deionized water and a methylcellulose solution.  The spatial spectra 
for these scatterers present a clearly identifiable oscillation pattern which is comparable 
to the simulated results when considering solely the number of peaks.  Since scatterers of 
comparable size to the endothelial nuclei could not be identified, the spectra shown in 
Figure 22 and Figure 23 will represent the standard for positive tests in future 
experimentation.   
 





Figure 22: Spatial optical spectra experimental results for 3μm diameter scatterers in a methylcellulose and a 
deionized water solution. 
 
In order for this technique to be practical for the detection of neointimal tissue, 
the above results must be conclusively different from a negative scenario.  A negative 
scenario can be defined as one in which the materials which naturally occupy the 
aneurysm beyond the neointimal neck coverage are responsible for the backscattering of 
incident light.  As previously discussed, the most prominent of these materials will be the 
red blood cells which comprise the majority of the thrombosis which forms roughly three 
months after the coiling procedure has been completed.  For experimentation, red blood 
cells will be modeled as polystyrene spheres of diameter 6μm.  The backscattered spatial 
spectra for the red blood cell phantom tissue in both deionized water and methylcellulose 








Figure 24: Spatial optical spectra experimental results for red blood cells as polystyrene scatterers in a 




The backscattered spatial optical spectra resulting from only red blood cell tissue 
phantoms, shown in Figure 23 and Figure 24, illustrate a higher frequency oscillation 
pattern over the range of light from roughly 450nm to 700nm.  This higher frequency 
oscillation will be key to identifying the obtained results as indicative of neointimal 
growth or conversely the absence of endothelial neck coverage. 
 For a more accurate representation of the superposition of the backscattered 
spectra resulting from both endothelial cells and red blood cells, the phantom tissues 
representing each material were allowed to dry and removed from the Petri dishes.  
Initially, the same method of analysis was applied to the system of the neointima 
phantom tissue sample placed atop the erythrocyte phantom tissue.  However, since 
results for polystyrene scatterers with diameters comparable to the diameter of neointimal 
cell nuclei could not be resolved using the available equipment, this analysis was later 
conducted upon a system which consisted of a sample of 3μm scatterers in a 
methylcellulose solution placed atop the sample of 6μm scatterers in a methylcellulose 
solution.  The experimental setup for testing this sample is illustrated in Figure 25. 
 





Figure 26: Spatial optical spectra experimental results for superposition of 3μm diameter scatterers and red 
blood cells as polystyrene scatterers in a methylcellulose and deionized water solution.  The spatial spectrum for 
pure 3μm diameter scatterers has been included to solidify the relationship between the two results. 
 
The backscattered spatial spectrum for the superposition of layers of phantom tissue 
is shown above in Figure 26.  For clarity, the figure also includes the backscattered 
spatial spectrum of purely 3μm diameter scatterers.  These spectra seem to possess 
identical oscillation patterns within the visible spectrum.  This is a result of the 
minimized intensity of light which will be incident upon the deepest layer of phantom 
tissue.  As previously discussed, the available tools precluded the development of 
phantom tissues which exhibited accurate thicknesses.  This inability to create phantom 
tissues with the appropriate number of layers will result in an inaccurate change in 
intensity of incident light across the neointimal phantom tissue samples, which may 
account for the very similar results for pure 3μm diameter scatterers and the superposition 
of both 3μm and 6μm diameter scatterers.  These results suggest that the presence of 
41 
 
neointimal tissue will result in backscattered light in which evidence of only scatterers of 
comparable size to endothelial cell nuclei; however, these results do not adequately 
represent a true positive test for neck coverage.  In order to develop a more accurate 
analogue for neck coverage equipment which can detect scatterers of diameter on the 
order of 0.5μm must be used as well as equipment which is capable of creating a phantom 




5. Discussion of Results 
The previous chapters have shown the expected spectra of positive tests for 
neointimal neck coverage, based on tissue analogues.  The simulated scatterer spectra 
illustrate a larger degree of variability in the expected oscillatory patterns.  The results 
shown in Figure 8 and Figure 9 indicate that there are a countable number of oscillations 
over the range of wavelengths within the visible spectra for scatterer sizes comparable to 
the nuclei of the endothelial cells which comprise the neointimal neck coverage.  The 
number of oscillations seems to fall within the range of 2-5.  However, the results shown 
in Figure 19 and Figure 20 indicate much different spectra.  The backscattered spectra for 
scatterers with diameter on the order of 0.5μm do not demonstrate any variability with 
size.  These spectra may suggest that the equipment lacks the precision to detect 
scatterers this minute.  Alternatively, the light source may be the limiting factor in 
identifying the oscillatory pattern in the backscattered spectra.  It was briefly previously 
stated that the experimental results were obtained using a quartz halogen light source.  
The spatial spectrum which results from a quartz halogen light source, shown in Figure 
27, demonstrates a peak in intensity over the 600nm-650nm range.  A light source with a 
more uniform intensity or a peak in the smaller wavelength range may be more 
appropriate. The simulated data above demonstrates that a larger number of oscillations 
will occur in the 400nm-500nm range, which suggests that this range may be of 




Figure 27: Backscattered spatial spectrum due to quartz halogen light source measured from OceanOptics, Inc. 
WS-1 Diffuse Reflectance Standard. 
 
The simulated and experimental results regarding scatterers of diameter 3μm, shown 
in Figure 10, Figure 11, Figure 21, and Figure 22, demonstrate a much higher level of 
similarity.  From figure to figure, the spectra adopt widely varying shapes, but the 
oscillation pattern of all plots offer an acceptable level of agreement.  The same is true of 
the simulated and experiment results for scatterers of diameter 6μm shown in Figure 12, 
Figure 13, Figure 23, and Figure 24. 
When comparing the simulated and experimental results of the superposition of 
layers, it is important to consider the inability to create phantom tissue samples which 
accurately represent the thickness of the real endothelial tissue.  Additionally, the 
simulated results were achieved by normalized two simulated spectra and adding the 
waveforms.  These results indicate a possible scenario for the backscattering spectra for 
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the superposition of layers; however, without further research into the relative intensity of 
light which has passed through the neointimal layer of tissue, accurate simulations cannot 
be achieved.  These factors may play a role in the substantial difference between the 
simulated and experimental data for these tests.    
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6. Conclusion and Future Work 
 The experimental and simulated results shown above suggest that there is a 
possibility of identifying neointimal neck coverage growth at the neck of aneurysms.  The 
data does not prove conclusively that this can be done, nor does is indicate an appropriate 
method of administering this test; however, with further research, conclusions may be 
made regarding these unanswered questions.  The spatial spectra shown in the above 
figures indicate that the oscillatory pattern for scatterers on the order of 0.5µm in 
diameter cannot be detected using this equipment; however, other researchers have 
achieved distinct oscillation patterns for scatterers of this size [21].  This preliminary 
investigation into the detection of intracranial neck coverage outlines a simple process to 
determining the practicality of white light spectroscopy as a means of detection.  If the 
result of spectroscopic tests on various sizes could be distinguished from one another as 
they have in these tests, an argument could be made for the use of white light 
spectroscopy as a method of distinguishes aneurysms in which endothelial tissue growth 
has been achieved from aneurysms which lack neointimal neck coverage.  This study 
indicates that the results of 3μm and 6μm diameter scatterers can be distinguished from 
one another; however, in order to definitively distinguish neointimal growth from a lack 
thereof would require equipment which is capable of accurately measuring the 
backscattered spectra of scatterers with diameter on the order of 0.5μm, as well as 
equipment which is capable of producing an endothelial phantom tissue sample with 
thickness on the order of 2μm. 
Potential avenues of further research should include the spectroscopic 
examination of thrombus and platinum samples.  If avascular endothelium sample could 
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be examined, the validity of these conclusions could be reinforced.  Cadaver samples 
from individuals who have undergone a coil embolization procedure would be ideal to 
verify the results from both simulations and experimentation on phantom tissues.  
Additionally, the impact of platinum coils within the thrombus formation must be 
investigated.  This study postulated that the significant size of the platinum coil in 
comparison to the neointimal cell nuclei and red blood cells would not impact the 
backscattering.  Additionally, verification of the data processing should be considered. 
Since this was the first foray into using light scattering spectroscopy to detect neointimal 
tissue, there was not a set protocol for analyzing the backscattered data. Investigations 
into the Fourier domain should be considered when continuing with future work. The 
Fourier analysis may lead to a more accurate identification of the low frequency 
oscillations indicative of smaller scatterers, particularly when an effective neointimal 
phantom layer is achieved. Future work should also investigate the method of 
implementation for light scattering spectroscopy.  This study theorized that the same 
catheterization of the femoral artery as described in the coil embolization process could 
also be used to thread a fiber optic probe to the aneurysm location; however, this concept 
was never investigated.  Additionally, since endothelial cells form an ellipsoidal spheroid, 
an investigation into the properties of non-spherical scatterers would be required to 
identify if the results of this study would be indicative of true endothelial cells.  If these 
aspects could be investigated in future endeavors, a conclusive statement as to the 
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